The present conception of the pathogenesis of silicosis is based on the assumed solubility of silica in the tissues of the body, the injurious effect produced by the silica in colloidal form, and the fibrosis resulting from the continuous efforts at healing. The present study is concerned only with the first assumption, and is an attempt to prove that it is correct.
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The solubility of glass in water is known to be appreciable. Hovestadt stated: "The first action of cold water on glass consists mainly in the removal of the alkali. The alkaline solution thus formed takes up silicic acid with increasing rapidity, and the more so the higher the temperature is. " Myers said: "The solubility of ordinary glass bottles, such as are used for collecting dust samples, was found to be considerable in water. An average amount of 5 mg. of glass went into solution in 150 cc. of distilled water during a 28-day period, while the bottle was at normal room temperature." Further studies made by Myers indicate that solution in distilled water proceeded regardless of the nature of the container; the alkali from ordinary glass was not the only cause of solution of the silica, although it increased the rapidity of the process. Mellor gave similar data for opal and quartz under various physical conditions. Heffernan tested the solubility of seven substances, including asbestos and other silicates in Ringer's fluid.
Independently, other workers have assumed that particles of silica . deposited in the lungs of human beings were gradually dissolved under the influence of the weak alkali of the body fluids, and produced the characteristic changes associated with silicosis. This point, however, has not been definitely proved, to my knowledge.
Particles of quartz and other forms of silica have been isolated from the lungs and individually measured and (6, 9) pictured in drawings, but there is still some doubt as to the sharpness of the corners or the acuteness of the points of these fragments when they were first introduced into the tissues. In short, there was no system of adequate control by which to determine how much the shape of a particle had been altered by solution in the tissues.
The spicules of the fresh-water sponge, Spongilla fragilis, fulfill the requirements of suitably controllable experimental material. Figure 1 shows that these spicules are exactly alike, have equally acute pointed ends and are of almost exactly the same size. They could be isolated from the body of the sponge in a condition of absolute purity, and in sufficient quantity to permit their use for this purpose. Search had been made for several years to find a suitable species of sponge, and finally this one was decided on. The specific determination was made for me by Prof. Frank Smith, and the material was collected at the University of Michigan Biological Station at Douglas Lake, Michigan, the facilities of which were placed at my disposal by its director, Prof. G. R. LaRue.
The spicules are formed by the sponge within its own tissues by the cellular activity of so-called scleroblasts. There is a central, organic thread which forms the core, and the silica is deposited around this in very thin concentric layers. The process continues during the period of activity of the sponge; the end gradually becomes pointed, and the spicule is then mature. The tip is entirely sealed in by the silica, and there is no further communication between the cell and the central thread.
A study of the physical characteristics of the spicules was made for me by Dr. C. E. Clifton, fellow in the Section on Physics of The Mayo Foundation. By the use of the microscopic petrographic method the index of refraction for sunlight was found to be 1.425. Of the varieties of silicon dioxide the only one with such a low index of refraction is opal, an amorphous substance having the formula SiO 2 . n H 2 O. Various samples of opal show slight variations in the index of refraction from 1.406 to 1.46. On the basis of the index of refraction, then, the sponge spicule is undoubtedly composed of opal.
A sample of sponge spicules was dried in air and then in the sun, and was submitted for analysis to Dr. A. E. Osterberg, of the Section on Biochemistry. The result is as follows: water, 4.9 per cent; organic matter, 39.8 per cent, and inorganic matter, 55.2 per cent. Silicon dioxide comprised 18.3 per cent of the total, or 33.1 per cent of the inorganic fraction.
Opal has been investigated repeatedly and has been found to be hydrated silica, comparable to silica gel that has become hardened through desiccation (7). It is not crystalline, is not birefringent under polarized light, and differs in some respects from quartz and other forms of crystalline silica. It is, however, resistant to the same reagents to which quartz is resistant, but it is slightly more soluble in alkalies than the crystalline forms. Solvents that affect quartz will affect opal and sponge spicules in the same way, but a little more readily. The difference is purely a quantitative and not a qualitative one. Conclusions, then, based on the behavior of the opal of sponge spicules, can be applied in a quantitative way to those expected of quartz and other forms of crystalline silica.
The body of the sponge was dried in air, powdered, and the powdered sponge was digested in fuming nitric acid in order to isolate the spicules, until all the external organic matter had been oxidized. The sediment was then washed in distilled water, and the spicules were dried in air under cover. The isolation of sponge spicules with nitric acid is a well recognized procedure, and by control examination of teased sponge tissue was shown not to modify the structure in any respect.
A series of animals was given injections by Mann and his associates at the Institute of Experimental Medicine of The Mayo Foundation. A suspension of spicules was made in physiologic solution of sodium chloride and was autoclaved. The suspension was then diluted to a milky translucence, and as dense a suspension was made as it was thought would pass through a needle and not block the syringe. The exact number of the spicules was unknown but was not essential. The needles used were 1.5 inches or two inches in length, with a diameter of number 22.
The experiments performed were as follows: A dog was anesthetized, and with the assistance of artificial respiration the pleura was opened. The right lower lobe of the lung was exposed, and an injection of 5.0 cc. of the suspension was made into the substance of the lung. Closure was made with heavy sutures, and the animal seemed to be in good condition when the operation was completed.
Two cubic centimeters of the same suspension were injected into the muscles of the right leg, presumably into the vastus externus. In the other animals, 1 cc. was injected into the leg and a similar amount into the right rectus muscle, over the liver. There was slight induration under the skin and in the muscle where the injection had been made. The results are tabulated in table 1. The animals were given injections on September 24, 1928. Three of the animals died spontaneously, and the others were dispatched at convenient times. Of those that died, lesions were found at necropsy in only one, a rabbit. In this instance there was confluent pneumonia of both lungs; there was no evidence that the spicules had been concerned in the outcome.
The lung of the dog was found adherent under the operative scar, and the amount of connective tissue was slight. There was no region of gross infiltration to indicate the exact site of injection. Microscopically, however, there were found scattered regions of fibrosis and interstitial pneumonitis with collapse, a condition probably associated with the prolonged exposure to the effects of the spicules.
The site of injection in the leg could not be identified grossly in any animal, and sections taken probably did not coincide with the point of injection. There was no evidence that the presence of the spicules had extensively injured the tissues, although experiments made by others (1, 2, 5) would lead one to expect definite injury. Possibly there had been such regions of injury, but if so, apparently they had healed completely.
The length of exposure of the spicules to the tissues of the animals varied from one hundred eighty-two to four hundred seventy-two days. The condition of all the animals that were dispatched was excellent, and there was every reason to expect that they might have survived for an indefinite period.
For the purpose of demonstrating the condition of the spicules after their residence in the tissues, resort was again had to the nitric acid method. The bodies of the animals, especially the smaller ones, were divided into portions in order to collect the insoluble material that might be found in each.
Representative portions of the rabbits and the dog were examined. The spicules were isolated from almost every situation in every animal, indicating that they had traveled freely through the tissues. This is not surprising when one considers the slightly bent shafts of the spicules and the fact that both ends are pointed.
The appearance of a spicule before it was introduced into the tissues is shown in fig. 1 . It will be noted that the tips were acutely pointed, and that they were uniform in structure. The axial thread is not discernible in the photographs, but it could be distinguished with a little difficulty by properly focusing the microscope. It was then seen as a very delicate line that extended almost, but not quite, to the ends of the spicule. Spicules that were heated to redness for several hours were not changed in structure or appearance except that the axial canal was rendered slightly more distinct. Calcination may have removed much of the organic matter, but it did not alter the structure of the siliceous elements. In fig. 2 is shown a group of spicules after they had remained in the lung of the dog for four hundred seventy-two days. Marked alteration in the structure occurred. The pointed tips had been lost and in their place were the sharp edges of an eroded cylinder. The central canal was open throughout the entire length, and was much larger than before. The spicule had been somewhat shortened in the process, and its walls had become thinner. Figure 3 shows, at higher magnification, the tips of two spicules after this change had taken place. It will be seen that the central canal was wide open and that the edges of the cylinder that remained were undergoing active erosion, with obvious loss of siliceous material. Irregularity marked the process, as though one layer after another was being removed, and the free edge was crumbling away. This appearance is similar to that produced by dissolving the spicule in strong alkali. fig. 2 . The size of the canals has been greatly increased, and the edges of the cylinder are irregularly eroded (X 550).
FIG. 3. Higher magnification of two of the spicules represented in
A similar change was noted in the spicules isolated from the body of the guinea pig that died one hundred eighty-two days after injection ( fig. 4) . In this instance, the tip had been removed and the erosion was reducing the ends to the sharp edges of a cylinder. The central canal had become more obvious; it was open and enlarged uniformly from one end to the other. Reduction in the size of the spicule was not yet demonstrable. This group of spicules was recovered from the right rectus muscle.
The spicules recovered from other parts of the animals showed the same characteristic erosion as that seen in those spicules that remained at and about the sites of injection. If any difference existed, it was that those spicules that wandered into other tissues were slightly less affected than those that remained in situ; it may be that tissues differ in their effect on the spicules. Roughly, the degree of change that took place in the spicules was proportional to the length of the exposure to the action of tissue fluids. A variation in the effect was noted in the rabbit that died in one hundred ninety-one days. The spicules, in this instance, had not lost their tips, but the central canal was more evident than usual and the entire surface showed evidences of superficial erosion. Such a spicule is shown in fig. 5 . In this case the spicule had been isolated from the body of the animal, where it had migrated from the site of injection. In several of the animals an occasional spicule of this type was encountered, and the reason for the variation is not understood. Presumably this represents an early stage, in which only the superficial layers of the silica were removed, more irregularly because of the softer condition of those layers last laid down by the sponge. Those layers more centrally placed were more concentrated and harder from advanced desiccation, and presumably were affected more evenly. This may account for the relatively smoother surfaces of those spicules that were in advanced stages of solution, but all may have passed through the period of irregular erosion at some period of their exposure. The enlargement of the central canal may be evidence that the ends had become permeable, and that the fluids from the tissues had penetrated the spicule.
The obvious change that had taken place in the spicules following their prolonged exposure to the tissue juices can be interpreted in no other way than that the silica had been dissolved away. The longer the exposure the more silica was removed.
The suggestion has been offered by many previous workers that the mild alkalinity of the tissue juices produces a medium in which solution may take place. There is no reason, on the basis of these experiments, to doubt the accuracy of this supposition. Furthermore, if concen- FIG. 5 . A spicule from the body of a rabbit that died one hundred ninety-one days after injection. The surface has been irregularly eroded, and the central canal is larger than usual. The tips are still present, but it appears that enough erosion has occurred to permit the tissue fluids to enter (X 250). trated, hydrated silica, such as that found in the sponge spicules, can be dissolved in the tissue juices in a relatively short time, in less than one hundred eighty-two days, in all probability the more resistant forms of silica, .quartz and other minerals, would undergo the same change in the tissues, but perhaps in a considerably longer time. The hypothesis, then, gains support that silica is dissolved out of siliceous material deposited in the tissues, and may affect the structures with which it comes in contact following its release. This, by other studies, has been shown to be in the nature of a toxic action (2), perhaps coupled with an adsorptive element (3), the ultimate result of which is the formation of connective tissue in excessive amounts. This may well explain the regions of fibrosis observed in the lung of the dog, and represented in fig. 6 . One spicule was found in a section adjacent to the one pictured, and indicates that spicules were at least in the immediate vicinity. 
Summary.
The spicules of the fresh-water sponge, Spongilla fragilis, are composed of opal, a form of hydrated silica, which is similar to quartz in its chemical reactions. These spicules, when introduced into the tissues of animals, are slowly but definitely dissolved, proving conclusively that silica is soluble in the tissue fluids of animals, and presumably of man. This confirms the assumption held by many students of silicosis that particles of siliceous material are gradually converted into the colloidal state and as such exert a fibroplastic influence on the lungs of miners and other exposed industrial workers. Definite fibrosis of the lung of a dog into which the spicules had been introduced suggests that there is a concomitant injury attributable to the disappearance by solution of the siliceous elements of the spicules.
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